myocardial infarction experienced a significant reduction in cardiovascular mortality but not recurrent myocardial infarction.7 It is possible that eating fish prevented fatal ventricular arrhythmias from occurring during ischemia.
It is now recognized that the fatty acid composition of phospholipids in cell membranes can influence cell functions such as membrane permeability to ions, 8, 9 receptor function,10'1' and membrane-bound enzyme activities.1213 Some information about the effects of dietary fat on cardiac electrophysiological parameters is available. In isolated myocytes, increasing the linoleic acid content of the sarcolemma has been associated with more rapid repolarization of the action potential,14 whereas depletion of cholesterol content in sarcolemma is associated with more rapid spontaneous depolarization. ' 5 Less shortening of the action potential duration on exposure to hypoxia has been observed in myocytes that have been cultured in media enriched in &-6 polyunsaturated fatty acids compared with myocytes that have been cultured in media enriched in co-3 polyunsaturated fatty acids. However, the recovery of the hypoxia-induced shortening of the action potential duration is greater in the myocytes cultured in the wo-3 fatty acid-rich media after exposure to normoxic conditions. 16 Because significant shortening of the action potential duration may contribute to the development of arrhythmias, these differences may explain the reduction in reperfusion arrhythmias observed in rats fed a fish oil diet compared with those fed a sunflower seed oil diet. 6 The direct exposure of long-chain fatty acids, including arachidonic acid, to nerve axons has been reported to suppress sodium currents in nerve axons. 17 Other investigators have reported that arachidonic acid activates a potassium channel in rat atrial cells18 and in rat ventricular myocytes. 19 The significance of these latter observations is unclear since fatty acids incorporated into phospholipids of the membrane bilayer may have different effects on membrane proteins than do free fatty acids. 20 It is presently unknown whether fatty acids modify the electrophysiological effects of antiarrhythmic drugs. We hypothesized that the effects of antiarrhythmic drugs are significantly influenced by the fatty acid composition of phospholipids in the sarcolemma. Accordingly, the purposes of the present study were 1) to evaluate the influence of dietary fat on the fatty acid composition of phospholipids in rabbit sarcolemma, 2) to evaluate the influence of dietary fat on baseline cardiac electrophysiological parameters, and 3) to determine the effects of dietary fat on the pharmacodynamics of the antiarrhythmic drug propafenone.
Methods

Experimental Diets
Weanling New Zealand White rabbits (456+±44 g) were divided into three groups and fed diets supplemented with lard, fish oil, or safflower oil for 40 days. Ground rabbit chow (16% Rabbit Pellets, United Grain Growers Ltd.) was mixed with 10% wt/wt lard (ICN Biomedicals, Canada, Ltd.), 10% wt/wt fish oil (Promega, Parke-Davis, USA) or 10% wt/wt safflower oil (ICN Biomedicals, Canada, Ltd.). The antioxidant tertiary butyl hydroquinone (0.04%) was added to each mixture. Diets were prepared fresh each week and stored at 5°C until use. Food intake was measured daily, and feedings were adjusted such that animals consumed approximately the same amount daily. The feed was changed daily, and any uneaten portion was discarded. Animals were weighed weekly.
The fatty acid composition of the lipid in the experimental diets is shown in Table 1 . The lard diet consisted primarily of unsaturated and monosaturated fats. The safflower oil diet consisted primarily of linoleic acid. The fish oil diet consisted primarily of polyunsaturated fatty acids with an increased proportion of co-3 fatty acids.
Experimental Preparation
On the day the rabbits were to be killed, they were pretreated with heparin sulfate (75 units/kg) and then anesthetized with sodium pentobarbital (30-40 mg/ kg). Hearts were rapidly removed through a median sternotomy incision and perfused retrogradely via the aorta. The pulmonary veins and venae cavae were ligated, and the pulmonary artery was cannulated for collection of coronary sinus effluent.2l Hearts were perfused with a modified Krebs-Henseleit buffer con- absolute refractory period (ARP) was defined as the longest coupling interval at which a current of 10 mA failed to capture. The relative refractory period (RRP) was defined as the coupling interval at which an increase in current greater than 0.1 mA was required to shorten the coupling interval by 10 msec. The diastolic threshold was defined as the minimum current required for consistent ventricular capture.
Isolation of Sarcolemma
Membrane vesicles enriched in sarcolemma were prepared by the method of Presti et al. 27 The myocardium was homogenized, and the sarcolemmal membrane was isolated by methods of differential centrifugation and sucrose gradient centrifugation. The yield of partially purified sarcolemma was 0.1-0.25 mg of membrane protein per rabbit heart. Protein was determined by the method of Bradford.28 Na+,K+-ATPase activity was used as an enzymatic marker for sarcolemma .27 Ca2'-dependent ATPase activity was measured to monitor for contamination of the sarcoplasmic reticulum. 27 Lipid/Fatty Acid Analysis Lipids were extracted from the sarcolemma membrane fraction by the method of Folch.29 Thin-layer chromatography of the lipid extract demonstrated the absence of diglycerides and triglycerides. Cholesterol content was determined by enzymatic assay,30 and the fatty acid composition of the phospholipids was determined by gas liquid chromatography.31 There was insufficient sample to permit separation and analysis of the fatty acid content of individual phospholipids in the sarcolemma.
Data Analysis
The coronary sinus effluent propafenone concentration (Ccs) versus time (t) data were fit to a onecompartment pharmacokinetic model using the nonlinear least-squares fitting program MK MODEL.32 CAO is the aortic perfusate concentration, and k is the first-order myocardial uptake rate constant.
Ccs=CAo (1-e ) (
The rate constant of accumulation of propafenone was determined from this analysis.
The electrophysiological effects of propafenone included changes in QRS duration, QT interval, VERP, MAP duration, and ventricular pacing thresholds. Myocardial concentration-effect relations were determined by plotting electrophysiological effects versus the coronary sinus propafenone drug concentrations. The slopes of the coronary sinus concentration-effect relations were determined by linear regression analysis. This analysis is based on the assumption that the coronary sinus propafenone concentration is in dynamic equilibrium with the myocardial propafenone concentrations. 25, 33 In the present study, the measured myocardial propafenone concentrations were compared with the myocardial propafenone concentrations estimated from the changes in the coronary sinus propafenone concentrations. The myocardial propafenone concentration was estimated from the difference between the areas under the aortic perfusate propafenone-time curve and the coronary sinus propafenone-time curve. The areas beneath these curves were determined by the trapezoidal rule. The area between these curves multiplied by the perfusate flow rate is the amount of drug that accumulates in the myocardium. The concentration of propafenone in the myocardium was then determined by dividing the amount by the heart weight. The fatty acid composition of the phospholipids isolated from the sarcolemma was significantly altered by the type of dietary fat; these results are presented in Table 2 . The proportion of total saturated fat was higher in the sarcolemma isolated from the lard group than from the fish oil (p<0.05) and safflower oil group (p<0.01). In addition, the proportions of individual saturated fats (14:0, 16 significantly higher in the safflower oil group than in the lard (p<O.O1) and fish oil groups (p<O.O1). The cholesterol-to-phospholipid ratios were similar in the lard, fish oil, and safflower oil groups. The double bond index, a measure of the amount of unsaturated fat, was highest in the fish oil group and lowest in the lard group. Significant differences in this index were identified among the three groups (p<0.05). Myocardial Pharmacokinetics of Propafenone Figure 1 summarizes the average coronary sinus propafenone concentration-time data for the three diet groups. Assuming that the myocardial and coronary sinus effluent concentrations are in dynamic equilibrium, these coronary sinus perfusate concentrationtime curves parallel the time course of myocardial accumulation of propafenone.21'25 Under these experimental conditions, propafenone accumulates slowly in the myocardium and the coronary sinus propafenone concentrations approach steady state (more than five half-lives) only after 100 minutes of perfusion.
The rate constants of accumulation of propafenone in the myocardium for the three diet groups are shown in Table 3 . The time to reach equilibrium was greater in the fish oil group than in the lard and safflower oil (Table 3) . The myocardial/aortic perfusate concentration ratio was also similar in the three groups.
Baseline Electrophysiological Effects
The mean QRS duration measured at baseline was similar in the lard (29+4 msec), fish oil (29+5 msec), and safflower oil (27±4 msec) groups. Differences in baseline electrophysiological measures of ventricular refractoriness and repolarization are shown in Figure 2 . The VERP and the endocardial MAP duration tended to be lower in the safflower oil group than in the lard group (p=0.07). Significant differences in the baseline epicardial MAP duration and the QT interval duration were not observed among the three groups.
Propafenone Electrophysiological Effects
The time course of changes in ventricular conduction time (QRS duration) and VERP are shown in Figure 3 . QRS duration increased and VERP prolonged during propafenone perfusion. No further significant increases in these parameters were observed after 90 minutes of drug perfusion (ANOVA for repeated measures). Propafenone produced greater changes in ventricular conduction time in the lard group than in the safflower oil group throughout the time course of perfusion (p<0.05). Greater changes in ventricular conduction time were also observed in the lard group than in the fish oil group, but these differences were no longer statistically significant at the end of the perfusion period. Although changes in VERP tended to be lower in the lard group compared with the fish oil and safflower oil groups, significant differences were not observed among the three diet groups at the end of the perfusion period. tended to be lower in the lard group than in the FO and SO groups, but these differences were not significant at the completion of propafenone perfusion. Data are mean +SD, n=9 per group. SD not shown for the FO group.
Prolongation of the QT interval and endocardial and epicardial MAP were also observed during propafenone perfusion, with maximal effects being observed within 90 minutes of initiation of propafenone perfusion. Propafenone effects on changes in the QT interval duration and MAP duration are shown in Table 4 . The changes in QT interval duration were similar among the three diet groups. Propafenone produced only slight prolongation of MAP duration. The changes in endocardial MAP duration were significantly lower in the lard group than in the fish oil and safflower oil groups (p<0.05).
Propafenone Effects on Ventricular Excitability
Changes in ventricular pacing thresholds are shown in Figure 4 . Ventricular pacing thresholds increased over time during propafenone perfusion in all three diet (Figure 4 ). However, significant differences were not observed between the fish oil and safflower oil groups.
Strength-interval curves measured at baseline and during perfusion of propafenone are shown for the three diet groups in Figure 5 . The mean diastolic thresholds, ARP, and RRP for the three groups at baseline and during propafenone perfusion are shown in Table 5 . Significant differences in the curves were not observed at baseline. After perfusion of propafenone, greater increases in the current required to evoke a ventricular depolarization were observed in the lard group than in the safflower oil group. These differences were statistically significant only at long coupling intervals (S1S2, 250-380 msec; p<0.01 by ANOVA). The current required to evoke a premature stimulus in the fish oil group was intermediate between those of the lard and safflower oil groups, but the differences were not statistically significant. Propafenone effects on the ARP and RRP did not differ among the three diet groups.
Myocardial Concentration-Effect Relations
Electrophysiological effects (QRS duration, VERP, and QT interval) were plotted versus the coronary sinus propafenone concentrations. Examples of these concentration-effect relations are shown in Figure 6 . Linear concentration-effect relations were observed for QRS duration and the QT interval. The mean values of the slopes and the correlation coefficients (r) of the linear regression analyses are shown in Table 6 . The concentration-effect relations describing changes in QRS duration were shifted to the left in the lard group compared with in the safflower oil group, and the slopes were also significantly greater (p<0.01). The slopes of the QRS concentration-effect relationships in the fish oil group were intermediate between the slopes of the lard and safflower oil groups (p=NS). The slopes of the QT interval concentration-effect relations were similar in the three groups. Significant linear correlations were not consistently observed between coronary sinus propafenone concentrations and VERP or MAP duration.
Discussion
The results of the present study indicate that the fatty acid composition of the phospholipids of rabbit sarcolemma and the electrophysiological effects of the antiarrhythmic drug propafenone on rabbit myocardium are significantly influenced by dietary fat. Propafenone significantly increased ventricular conduction time and decreased ventricular excitability in hearts from rabbits treated with a lard diet compared with those treated with a safflower oil diet. The effects of propafenone on these electrophysiological parameters in the group treated with a fish oil diet were intermediate between those of the lard and safflower oil groups. 
Modification of Fatty Acid Composition of the Sarcolemma
As expected, significant changes in the fatty acid composition of the phospholipids of sarcolemma were observed among the three diet groups, and these changes reflect the fatty acid content of the dietary lipids.10'34 Higher levels of polyunsaturated fatty acids and lower levels of saturated fatty acids were present in the phospholipids of sarcolemma isolated from the fish oil and safflower oil groups compared with the lard group. The ratio of wo-6 to w-3 fatty acids was reversed in the fish oil group. These changes may have significantly influenced the physical properties of the sarcolemma. Although membrane fluidity was not directly measured in the present study, one important determinant of membrane fluidity, the cholesterol-to-phospholipid ratio, was similar among the three groups.35 Another parameter that determines membrane fluidity is propafenone concentrations are proportional to myocardial propafenone concentrations. In the present study, the myocardial propafenone concentrations estimated from aortic perfusate and coronary sinus effluent propafenone concentration differences were similar to the measured myocardial drug concentrations. The coronary sinus propafenone concentration-effect relations describing changes in ventricular conduction time were shifted in the lard group compared with the safflower oil group, and the slopes of these relations describing changes in ventricular conduction time were significantly greater in the lard group (p<0.01). This difference confirms the presence of a pharmacodynamic interaction secondary to the dietary interventions that is independent of the small differences in myocardial drug concentrations.
Significant differences in the concentration-effect relations describing changes in the QT interval were not observed among the three groups. The measurement of the QT interval is dependent on both action potential duration and ventricular conduction time. Greater changes in the endocardial MAP duration were observed in the unsaturated fat diet groups compared with the lard group. Thus, the failure to observe significant differences in propafenone effects on the QT interval, despite the increased effects on ventricular conduction time observed in the lard-treated group compared with the safflower oil-treated group, may be explained by differences in the effects of propafenone on ventricular repolarization in the lard group compared with the fish oil and safflower oil groups.
Clinical Implications
Therapeutic plasma propafenone concentrations span several orders of magnitude.24 Factors that contribute to the wide range of therapeutic concentrations include variability in the biotransformation of propafenone to the active metabolite 5-hydroxypropafenone24 and variability in plasma protein binding. 41 In the present study, we have shown that dietary fat significantly modulates the electrophysiological effects of propafenone; the magnitude of the effects on ventricular conduction time and ventricular excitability differed by as much as 100% between the lard and safflower oil groups. Thus, dietary fat is another factor that contributes to the considerable variability of propafenone's electrophysiological effects. If the observations of the present study can be confirmed in humans, changes in dietary fat could potentially modulate the antiarrhythmic effects of propafenone. An increase in the consumption of saturated fats might change a therapeutic concentration of propafenone to a toxic concentration, whereas an increase in an unsaturated fat diet might change a therapeutic concentration to a subtherapeutic concentration. Certainly, the current interest in dietary intervention to reduce the risk of coronary artery disease highlights a population that might be subjected to changes in dietary fat consumption. Studies in humans will be required to evaluate the clinical significance of these experimental observations.
Conclusions
Dietary fat significantly alters the fatty acid composition of phospholipids in rabbit sarcolemma. Baseline difference in ventricular conduction time and ventricular excitability were not observed among the three diet groups. Propafenone decreased ventricular excitability and increased ventricular conduction time in hearts removed from rabbits fed a lard diet compared with those from rabbits fed a safflower oil diet. The mechanisms of these effects require further study.
